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Objective: Mast cells (MCs) are inflammatory cells present in atherosclerotic lesions and neovascularized tissues. Recently,
MCs were shown to modulate abdominal aortic aneurysm (AAA) formation in a mouse model. Progression of
aneurysmatic disease process may also depend on intraluminal thrombus and neovascularization of the aneurysm wall.
Here we investigated the relationship between MCs and inflammation, neovascularization, and the presence of intralu-
minal thrombus in human AAA.
Methods and Results: Specimens from AAAs and normal control aortas were analyzed with basic histology, immunohis-
tochemical staining, and quantitative real-time polymerase chain reaction (PCR). Double immunostainings with
endothelial cell markers CD31/CD34 and MC tryptase showed that, in contrast to histologically normal aorta, MCs in
AAA were abundant in the media, but absent from the intima. Medial MCs and (CD31/CD34) neovessels increased
significantly in AAA compared with normal aorta (P < .0001 for both), and the highest densities of neovessels and MCs
were observed in the media of thrombus-covered AAA samples. Also, the proportional thickness of aortic wall penetrated
by the neovessels was significantly higher in the AAA samples (P < .0001), and the neovascularized area correlated with
the density of medial MCs (P < .0001). In histologic analysis, the medial MCs were mainly located adjacent to the stem
cell factor (SCF) medial neovessels. Real-time PCR analysis also showed that mRNA levels of genes associated with
neovascularization (vascular endothelial growth factor [VEGF], FLT1, VE-cadherin, CD31), and MCs (tryptase,
chymase, cathepsin G) were higher in AAA samples than in controls. Demonstration of adhered platelets by CD42b
staining and lack of endothelial cell (CD31/CD34) staining in the luminal surface of AAA specimens suggest endothelial
erosion of the aneurysm walls.
Conclusions: The results support participation of MCs in the pathogenesis of AAA, particularly regarding neovascular-
ization of aortic wall. ( J Vasc Surg 2009;50:388-96.)
Clinical Relevance:The present results and the results of two recently published studies (Circ Res 2008;102:1368-77 and
J Clin Invest 2007;117:3359-68) suggest that MCs may influence AAA pathogenesis by participating in to the regulation
of neovascularization and inflammation. Together, these studies have paved the way for studies aiming at modulation of
the inflammatory and neoangiogenic response in the AAA. Furthermore, MC activity may be measured using circulating
markers such as plasma tryptase, chymase or cathepsin G levels. To date it is unknown whether such markers correlate
with the expansion rate and rupture risk of AAA. Thus, new clinical trials are required.Many risk factors of abdominal aortic aneurysm (AAA)
have been identified, but the exact nature of the AAA
pathogenesis remains unclear.1,2 Most AAAs develop in the
infrarenal aorta, which is also one of the predilection sites
for atherosclerosis. Together with smoking, age, and male
From the Wihuri Research Institute, Helsinkia; Department of Forensic
Medicine, University of Helsinki, Helsinkib; Department of Molecular
Medicine and Surgery, Karolinska Institute, Stockholmc; and Atheroscle-
rosis Research Unit, Center for Molecular Medicine, Department of
Medicine, Karolinska Institute, Stockholm.d
Supported by grants from the Finnish Foundation for Cardiovascular Re-
search (M.I.M.), the Swedish Research Council (12233, 12660), and the
Swedish Heart-Lung foundation and the EC Seventh Framework Pro-
gramme (FAD-200647) and supported by the Marie Curie Early Stage
Research Training Fellowship of the European Community’s Sixth
Framework Programme, contract number 504926 (J.A.T.).
Competition of interest: none.
Additional material for this article may be found online at www.jvascsurg.org.
Reprint requests: Mikko Mäyränpää, MD, PhD, Wihuri Research Institute,
Kalliolinnantie 4, 00140 Helsinki, Finland (e-mail: mikko.mayranpaa@
helsinki.fi).
0741-5214/$36.00
Copyright © 2009 by the Society for Vascular Surgery.
doi:10.1016/j.jvs.2009.03.055
388sex, atherosclerosis is a risk factor for AAA. Areas in AAA
resembling atherosclerotic plaques can invariably be iden-
tified, demonstrating inflammation, matrix degradation,
smooth muscle cell apoptosis, and lesion neovasculariza-
tion.1,2 In spite of these similarities, the pathogenesis of
AAA is considered to be distinct from that of occlusive
atherosclerosis.1
Most AAAs are filled to a varying extent with an intralu-
minal thrombus (ILT).3-6 Previous studies suggest that
ILT plays a role in AAA growth.3-5 It has been shown that
aortic wall covered by ILT is thinner and accompanied by
more disorganized structural components than aortic wall
not covered by ILT.5,7 It appears that most AAA ruptures
occur through the ILT covered wall,8 and some studies
have even suggested that aneurysms lined with ILT are
more prone to rupture although the impact of thrombus on
aneurysm pathogenesis is not fully defined.3,4,9 AAA seg-
ments with severe degenerative changes seem to have the
highest degree of inflammation.5 These inflammatory infil-
trates contain T cells, B cells, macrophages, and neutro-
phils.5,10 Less attention has been focused on mast cells
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mouse atherosclerosis11 and regulate immune reactions12
in both mice and humans. Recently, MCs have been de-
tected in human AAAs13 and have been shown tomodulate
the development of experimental AAAs in mice14 and
rats.13
The infrarenal abdominal aorta is normally devoid of
medial neovessels and therefore sprouting of neovessels
from the adventitial vasa vasorum is likely to be of patho-
logic significance to AAA development.15,16 Neovascular-
ization correlates closely with the degree of aortic wall
inflammation,17 appears to increase the risk of plaque rup-
tures in the aorta, and is more common in areas of AAA
rupture.15,17,18
Taken together, previous findings of aortic wall inflam-
mation, remodeling, and neovascularization in AAA and
the association of MCs with these processes led us to
explore the associations between MCs and aneurysmal
changes in the aortic wall in more detail. Here we explored
the histologic association between MCs and neovessels in
human infrarenal AAA and normal human aortas. We also
studied the expression levels of MC proteases and several
genes associated with neovascularization using quantitative
real-time polymerase chain reaction (PCR) in samples from
aneurysms and normal control aortas.
MATERIALS AND METHODS
Sample collection. Patients (N  12, nine men and
three women, mean age 71.3  6.2 SD.) who were to
undergo elective surgery for infrarenal AAA, whose preop-
erative computed tomography (CT) demonstrated an ec-
centric intraluminal thrombus and a thrombus-free aneu-
rysm wall segment were selected for the study. Since
previous studies have revealed major differences in inflam-
matory response between aneurysm walls covered and not
covered by an intraluminal thrombus,5 biopsies were taken
from thrombus-free (NTH) and thrombus-covered (TH)
aneurysm walls. Tissue was taken from the anterior or
lateral wall, since tissue sampling from the posterior wall
was considered to add to the risk of surgery. Control aortic
sections were obtained for RNA studies from 13 organ
donors (five men, eight women, mean age 57.8  6.2 SD,
N  13) without clinical or macroscopic signs of aortic
atherosclerosis. Control aortic samples for histology were
collected from medicolegal autopsies (66 infrarenal aortic
specimens from 14 autopsies (seven men, seven women,
mean age 54.9  13.0 years SD) at the Department of
Forensic Medicine, University of Helsinki. From these 66
samples, only 10 samples from six autopsies (one man, five
women, mean age 46.6  13.1 SD) were histologically
devoid of atherosclerotic changes. Only these 10 normal
specimens were used as controls for histology. The sections
were immediately fixed in 4% formaldehyde for light mi-
croscopy or snap frozen in liquid nitrogen for RNA isola-
tion. All the procedures were approved by the local ethics
committees, and all the patients gave written informed
consent. The use of organ donor tissues and cadaverictissues was also approved by The National Authority for
Medicolegal Affairs of Finland.
Real-time PCR. Total RNA from frozen samples was
isolated with Trizol (BRL-Life Technologies, Rockville,
Md) and a RNEasy mini kit (Qiagen, West Sussex, United
Kingdom) after homogenization using FastPrep (MP Bio-
medicals, Illkirch, France) according to the manufacturer’s
instructions. The quality of RNA was analyzed with an
Agilent 2100 bioanalyzer (Agilent Technologies Inc, Paolo
Alto, Calif) and quantity with a spectrophotometer. For
quantification using real-time PCR, 0.5 g of RNA was
reverse-transcribed using superscript II according to the
manufacturer’s manual (Invitrogen, Paisley, United King-
dom). After dilution of the cDNA to 100 L, 3 L of
cDNA were amplified using real-time PCR with a 1 
TaqMan universal PCR master mix (Applied Biosystems,
Foster City, Calif). Assay on demand kits from Applied
Biosystems were used as primers and probes. Ribosomal
phosphoprotein large P0 (RPLP0) or TATA box-binding
protein (TBP) were used as housekeeping genes to normal-
ize for RNA loading. The primers for RPLP0 were as
described.19 All the TaqMan assays were cDNA-specific.
Each sample was analyzed in duplicate using an ABI prism
7000 (Applied Biosystems). The PCR amplification was
related to a standard curve.
Immunohistochemistry. The primary antibodies used
in this study are shown in Supplementary Table. Associa-
tions between MCs (tryptase) and neovessel endothelial
cells (combination of CD31 and CD34 antibodies),20 T
cells (CD3), macrophages (CD163), and eosinophils (two
different primary antibodies against human eosinophil cat-
ionic protein) were evaluated by means of double immu-
nostainings. Platelets were stained with a CD42b antibody
as previously described.20 The specificity of all the stainings
was ensured by replacing the primary antibodies with an
equivalent concentration of a species and isotype-matched
immunoglobulin, staining a known positive control tissue
and omitting the primary antibody. The specimens were
counterstained with Mayer’s hematoxylin.
Unless otherwise stated, primary antibodies were de-
tected using an avidin-biotin complex system (Vectastain
ABC Elite kit; Vector Laboratories, Burlingame, Calif).
Reddish 3-amino-9-ethylcarbazole (AEC; Sigma, St Louis,
Mo), brown 3,3=-diamino-benzidine (DAB, Sigma), and
black ammonium nickel sulfate (Fluka, Buchs SG, Switzer-
land) in combination with DAB were used as chromogens.
Colocalization of overlapping cellular markers was studied
with an immunofluorescent double staining method using
red and green Alexa-conjugated goat anti-rabbit and anti-
mouse secondary antibodies as appropriate (1:200 dilution
of all Alexa conjugates, Invitrogen). The sections were
counterstained for fluorescent microscopy with 4=,6-
diamidino-2-phenylindole (DAPI, Sigma). Stem cell factor
staining was done with a TSA amplification kit (Invitro-
gen).
The stained samples were studied with a Nikon Eclipse
E600 microscope (Nikon Co, Tokyo, Japan) and photo-
rs 30
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Spot advanced software, version 4.1; Diagnostic Instru-
ments, SterlingHeights,Mich) attached to themicroscope.
The areas of intima, media, and adventitia were measured
with computer-aided planimetry (Image-Pro Plus, version
4.5; Media Cybernetics Inc, Silver Spring, Md). The mea-
sured proportional neovascularized thickness of the aortic
wall is presented as the maximal percentage of aortic wall
thickness penetrated by neovessels. Aortic thickness was
measured from the adventitial-medial border up to the
luminal thrombus (luminal thrombus not included). MCs
in the intima and media were counted using 200 magni-
fication, and their distribution density is expressed as the
average number of cells per mm2. Colocalization of vascu-
lar endothelial growth factor (VEGF) and tryptase was
imaged with a TCS SP1 laser scanning confocal microscope
(Leica, Wetzlar, Germany).
Statistical analysis. The statistical analysis was done
with SPSS for Windows software (release 13.0; SPSS Inc,
Chicago, Ill). P values .05 were considered significant.
Comparisons between controls and AAA samples (NTH or
TH) were done with a Mann-Whitney U test. Paired com-
parisons with NTH and TH aneurysm samples were calcu-
Intima
Media
Adventitia
A B
Normal aorta NTH A
Fig 1. Photomicrograph showing double-staining of
(B; NTH AAA) and a thrombus-covered wall (C; TH A
(tryptase, nickel-DAB, black), as described in the method
cells in neovessels in the adventitia and media of the ane
subendothelial MCs with higher magnification. Scale balated using a Wilcoxon signed-rank test.RESULTS
Mast cells are present in the media of AAA, but
only in the intima of normal aorta. MCs were found
in the AAA media and adventitia in contrast to normal
aortas, where they were only found in the intima and
adventitia (Fig 1). In the medial layer, the number of
medial MCs was lower in the normal aortic samples
obtained at autopsy than in AAA specimens (Fig 2, A, P
 .0001), whereas the opposite was seen for intimal MCs
(Fig 2, B, P  .0001). There was no difference in medial
or intimal MC concentration between the NTH and the
TH groups (Fig 2, A and B). In addition, medial AAA
lesions showed infiltration of other inflammatory cells,
such as T cells and macrophages (data not shown).
Eosinophils were not detected (data not shown), but
neutrophils were seen in the ILT and in the adventitial
layer (data not shown).
Mast cells associate with medial and adventitial
neovessels in AAA. In contrast to normal aorta, the media
and adventitia of AAAs were highly neovascularized (Fig 1,
B and C). TH samples, which had the highest medial MC
densities, also showed the most extensive neovasculariza-
Intima
Media
Adventitia
Intima
Media
Adventitia
C
TH AAA
Luminal thrombus
mal aorta (A) and an AAA wall without a thrombus
for endothelial cells (CD31/CD34, AEC, red) and MCs
rows indicate MCs and arrowheads indicate endothelial
wall. Inset in (A) shows the luminal endothelium and
0 m.AA
a nor
AA)
s. Ar
urysmtion (Fig 2, C).
A.
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neovascularization markers, such as CD31 (P  .0001),
FMS-related tyrosine kinase-1 (FLT-1) (P  .0001), vas-
cular endothelial cadherin (VE-cadherin) (P  .001),
VEGF (P  .001), platelet-derived growth factor D
(PDGFD) (P  .001), and endothelin-1 (ET-1) (P 
.001), were markedly upregulated in AAA segments com-
pared with normal control aortas (Fig 3). In agreement
with the histologic findings, TH specimens contained
higher CD31mRNA levels than NTH specimens (P .05)
(Fig 3). The mRNA levels of smooth muscle cell -actin
were lowest in the TH specimens (Fig 4).
MCs as well as other inflammatory cells in the AAA
media expressed VEGF (Fig 5). To further investigate
possible mechanisms involved in the redistribution of MCs
from the intima to the media in AAA, the specimens were
stained for stem cell factor (SCF), a growth factor and
Fig 2. Redistribution of mast cells from intima to medi
and (B, intima). The proportional thickness of an aortic w
compared with normal control aortas (C). Dots represe
controls and AAA samples (NTH or TH) were done with
TH aneurysm samples were calculated using a Wilcoxon
and 95% confidence intervals. C, Microscopically norma
NTH, nonthrombotic AAA; TH, thrombus-covered AAchemoattractant of MCs.21 In normal aortas, SCF andtryptase double staining showed SCF-positive MCs near
luminal SCF-positive endothelium (Supplementary Fig I,
A). In AAA tissue, MCs were not found in the intima, but
were observed in the vicinity of SCF-positive endothelial
cells in medial neovessels (Supplementary Fig I, B).
In contrast to neovessels in the AAA media, CD31/
CD34-positive endothelial cells could not be observed on
the AAA luminal surface (Fig 1, B and C). Instead, CD42b
staining, demonstrating luminal adhesion of platelets, was
detected. The presence of CD42b antigen was also ob-
served within the vessel wall of AAAs, indicating the pres-
ence of platelet remnants (Supplementary Fig II).
Mast cells expressing tryptase and cathepsin G.
HumanMCs are generally divided into two major subtypes
termed MCT and MCTC. MCT only express tryptase,
whereas MCTC express chymase, carboxypeptidase, and
cathepsin G in addition to tryptase.22 Neutrophils also
ng the progression AAA formation is seen in (A,media)
cupied by neovessels increases markedly in AAA samples
individual samples may overlap. Comparisons between
ann-Whitney U test. Paired comparisons with NTH and
d-rank test. Diamonds and vertical bars represent means
c control specimens, AAA, abdominal aortic aneurysm;a duri
all oc
nting
a M
signe
l aortiexpress cathepsin G, but do not express tryptase. Based on
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subpopulations and neutrophils and estimated their relative
abundances. In normal aorta, MCTC were found in the
intima and adventitia (data not shown), whereas in AAAs,
MCTC were located in the media and adventitia (data not
shown). No significant differences between TH and NTH
walls could be observed (data not shown). Quantification
of the stained cell populations in AAAs showed that medial
MCTC were more numerous than cells expressing only
tryptase (MCT) or cathepsin G (neutrophils). Overall,
70% of all cathepsin G-positive cells were also positive for
tryptase. The mRNA levels of tryptase A and B (P  .001
for NTH walls and TH walls) and the MCTC markers
chymase (P  .0001 for both walls) and cathepsin G (P 
.001 for both walls) were elevated in AAAs compared with
normal aortic tissue (Fig 4).
DISCUSSION
In this study we found that MCs are absent in AAA
intima, but present in the intima of normal aortas. Instead
of intima, in AAAs MCs were localized to the media and
were found in the proximity of neovessels with endothe-
Fig 3. mRNA expression of genes associated with neova
real-time PCR in the control aortas and aneurysm wall
RPLP0 expression. Comparisons between controls and A
U test. Paired comparisons with NTH and TH aneurysm
NTH, Nonthrombotic AAA; TH, thrombus-covered A
derived growth factor D;VE-cadherin, vascular endothel
kinase-1; VEGF, vascular endothelial growth factor.lium expressing stem cell factor and in close associationwith other inflammatory cells. The number of MCs were
higher in aneurysms than in controls.
A role for MCs in the pathogenesis of AAA has recently
emerged. MC-deficient rats and mice have been shown to
be protected from experimentally induced AAA, and stabi-
lization of MCs attenuates AAA formation in both spe-
cies.13,14 In agreement with a recent study,13 we demon-
strate that MCs in human AAAs preferably localize to the
media and adventitia in contrast to normal aorta, where the
cells are found in the intima.23 Themechanisms responsible
for the redistribution of MCs from the intima to the media
and adventitia are not clear. However, we observed stem
cell factor expression in the endothelium of neovessels in
the media and adventitia, which may promote the recruit-
ment of MCs to these regions.24
An increased density of medial and adventitial neoves-
sels was seen in the AAA wall, which also correlated with
disease severity as more neovessels were found in the de-
generated vessel wall underneath an ILT.5 Angiogenesis
has previously been identified as a central process in the
pathogenesis of AAAs.17Moreover, since rupture sites have
been demonstrated to be more neovascularized compared
rization and endothelial cells as measured by quantitative
ents. The values are arbitrary units after correction for
amples (NTH or TH) were done with a Mann-Whitney
ples were calculated using a Wilcoxon signed-rank test.
AAA, abdominal aortic aneurysm; PDGFD, platelet-
herin; ET-1, endothelin-1; FLT-1, FMS-related tyrosinescula
segm
AA s
sam
AA;
ial cadwith the intact AAA wall, a link between angiogenesis and
A box
or VE
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monly occur in the AAA wall covered by an ILT,8,25 where
the vessel wall contains more inflammatory cells5 and also
has more neovessels, as shown in the present study. Inter-
estingly, an ILT has also been associated with hypoxia in
the underlying aneurysm wall, which may predispose to
Fig 4. mRNA expression of genes associated with smo
real-time PCR in the control aortas and aneurysm wall
RPLP0 or TBP expression. Comparisons between con
Mann-Whitney U test. Paired comparisons with NTH a
signed-rank test. NTH, Nonthrombotic AAA; TH, th
RPLP0, ribosomal phosphoprotein large P0; TBP, TAT
Fig 5. Representative confocal microscope image show
tryptase (red) double-stained mast cells (MC) in huma
inflammatory infiltrates of aneurysms stained positively fincreased angiogenesis.7 In support of these findings, wedetected increased mRNA level of CD31 in samples cov-
ered by an ILT, which also had the lowest levels of smooth
muscle cell -actin. The increased accumulation of MCs in
these regionsmay possibly influence vessel wall destruction,
since MC chymase has been shown to promote smooth
muscle cell apoptosis.22 We also observed depositions of
uscle cells and mast cells as measured by quantitative
ents. The values are arbitrary units after correction for
and AAA samples (NTH or TH) were done with a
H aneurysm samples were calculated using a Wilcoxon
us-covered AAA; AAA, abdominal aortic aneurysm;
-binding protein.
vascular endothelial growth factor (VEGF) (green) and
eurysmatic aortic media. Also many other cells in the
GF.oth m
segm
trols
nd T
rombing
n anplatelet antigens in the aortic wall, suggesting prior rup-
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sition ofMCs to neovessels renders it possible that activated
MCs participate in the pathogenesis of neovessel ruptures,
as has been observed before in an animal model.26
The observed association between MCs and neovessels
may have several implications for aneurysm development and
progression. A recent study with MC-deficient mice estab-
lished a causative role of MC-derived interleukin-6 and inter-
feron- in experimental AAAs.14 MCs can release mediators
such as heparin, histamine, TNF-, TGF-	, bFGF, interleu-
kins (IL-1, -3, -4, -5, and -6), vascular endothelial cell growth
factor (VEGF) and serine proteases, tryptase, chymase, ca-
thepsinG, and carboxypeptidase A,22 whichmay play a role in
neovascularization and recruitment of other inflammatory
cells. Animal studies have shown that neovascularization is
reduced in MC-deficient mice, and granuloma-associated
neovascularization can be inhibited by controllingMC activa-
tion.27 MC-derived histamine upregulates c-jun expression
and c-jun N-terminal kinase (JNK) activity,28 and increased
JNK activity seems to promote aneurysm formation.29 In
addition,MCsmay promote chemotaxis of inflammatory cells
into the AAA wall by inducing ET-1 expression.30
It is likely that all inflammatory cells present in AAAs
may participate in disease development. Indeed, a lack of
macrophages, T cells,31 neutrophils10 or MCs11,13 seems
to make experimental animals resistant to aneurysm induc-
tion. MCs are also known to regulate trafficking of other
inflammatory cells, especially neutrophils, into tissues.22
We have previously reported that T cells reside predomi-
nantly in the outer media and in the adventitia in AAAs,
and their numbers are significantly increased in the ILT-
covered wall.5 Here, T cells were colocalized with MCs,
suggesting interplay in the AAA wall. In fact, MCs have
been shown to regulate both innate and adaptive immune
reactions.12 Thus, MCs may regulate T cells,12 neutro-
phils,32 B cells,33 and dendritic cells34 also in aneurysms.
Neutrophils trapped in the thrombus may produce elastase,
leading to AAA wall weakening.35 In addition, neutrophil
depletion was recently reported to inhibit experimental
AAA formation,10 and we recently reported the presence of
neutrophil gelatinase-associated lipocalin (NGAL) in com-
plex with MMP-9 in AAAs.36 The increased expression of
cathepsin G in AAAs has previously been attributed to
neutrophils.37 However, our present findings demonstrate
that MCs are an alternative, and perhaps even the major
source of cathepsin G in AAAs. Immunostainings revealed
that tryptase and cathepsinG-positiveMCs reside in themedia
and adventitia in AAAs. MC-derived cathepsin G is a potent
elastolytic enzyme, which may be involved in tissue degrada-
tion within the AAA wall.22 MCs also release matrix metallo-
proteinase-9 (MMP-9) and MMP-1, and activate pro-
MMP-1 and pro-MMP-3, via chymase and tryptase.22 MC
proteases are capable of degrading tissue inhibitor of metallo-
proteinase 1 (TIMP-1),22 and may in this way promote
MMP-mediated destruction of ECM, known to be important
for aneurysm development.38-40 In support of this notion, a
chymase inhibitor has also been shown to inhibit AAA forma-
tion in hamsters.41 In addition,MC cathepsin G and chymasemay participate in angiotensin II formation, which has been
proposed to be involved in AAA formation.22, 41
Taken together, the present findings support the involve-
ment of MCs in AAA development by participating in the
inflammatory process, neovascularization, and proteolysis of
extracellular and pericellular matrices. The present results are
in line with previous results andwith the notion that a luminal
thrombus makes the AAA wall more prone to rupture by
enhancing inflammation and neovascularization.9,15,16
Limitations of the study. This is only an observational
study. However, the presence of MCs in the media and
adventitia of aneurysms and their absence from the intima as
well as the close associationswith neovessels and inflammatory
cells provide a framework for a more detailed investigation of
MCs in AAA formation. Our results and the results of two
recently published studies13,14 suggest some mechanisms by
which MCs might potentially influence AAA pathogenesis,
but each of them needs to be explored further.
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The articleby Mayranpaa and colleagues provides novel and
detailed results from a study of human aortic tissue examining the
The authors use a combination of basic histology, immunohisto-
chemistry, and real-time polymerase chain reaction (PCR) to fur-
ther define the inter-relationship of the “big four” factors in
